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Major, trace element and Sr–Nd–Pb isotopic data of basalts emplaced during 90–40 Ma in the North and Northeast China
are compiled in this review, with aims of constraining their petrogenesis, and by inference the evolution of the North China Cra-
ton during the late Cretaceous and early Cenozoic. Three major components are identiﬁed in magma source, including depleted
component I and II, and an enriched component. The depleted component I, which is characterized by relatively low 87Sr/86Sr
(<0.7030), moderate 206Pb/204Pb (18.2), moderately high eNd (4), high Eu/Eu* (>1.1) and HIMU-like trace element character-
istics, is most likely derived from gabbroic cumulate of the oceanic crust. The depleted component II, which distinguishes itself
by its high eNd (8) and moderate 87Sr/86Sr (0.7038), is probably derived from a sub-lithospheric ambient mantle. The
enriched component has low eNd (2–3), high
87Sr/86Sr (>0.7065), low 206Pb/204Pb (17), excess Sr, Rb, Ba and a deﬁciency of
Zr and Hf relative to the REE. This component is likely from the basaltic portion of the oceanic crust, which is variably altered
by seawater and contains minor sediments. Comparison with experimental melts and trace element modeling suggest that these
recycled oceanic components may be in form of garnet pyroxenite/eclogite. These components are young (<0.5 Ga) and show an
Indian-MORB isotopic character. Given the share of this isotopic aﬃnity by the extinct Izanaghi-Paciﬁc plate, currently
stagnated within the mantle transition zone, we propose that it ultimately comes from the subducted Paciﬁc slab.
Eu/Eu* and 87Sr/86Sr of the 90–40 Ma magmas increases and decreases, respectively, with decreasing emplacement age,
mirroring a change in magma source from upper to lower parts of subducted oceanic crust. Such secular trends are created
by dynamic melting of a heterogeneous mantle containing recycled oceanic crust. Due to diﬀerent melting temperature of the
upper and lower ocean crust and progressive thinning of the lithosphere, the more fertile basaltic crustal component is pref-
erentially sampled during the early stage of volcanism, whereas the more depleted gabbroic lower crust and lithospheric man-
tle components are preferentially sampled during a late stage. This model is consistent with a protracted destruction process of
the lithosphere beneath eastern China. The presence of signiﬁcant recycled oceanic crust components in the 90–40 Ma basalts
highlights the inﬂuence of Paciﬁc subduction on the deep processes in the North China Craton, which can be traced back at
least to the late Cretaceous. This, along with the conjugation of crustal deformation pattern in this region with the movement
of the Paciﬁc plate, makes the Paciﬁc subduction as a potential trigger of the destruction of the North China Craton.
 2014 Elsevier Ltd. All rights reserved.http://dx.doi.org/10.1016/j.gca.2014.04.045
0016-7037/ 2014 Elsevier Ltd. All rights reserved.
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The North China Craton (NCC) has experienced
thermo-tectonic reactivation, during which over 100 km
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Fig. 1. Diagram illustrating temporal variation in the Nd isotopic
composition of late Mesozoic–Cenozoic basalts in the North China
Craton (modiﬁed from Xu et al., 2009). Three stages are divided
(see text for details). Note that existing data are mostly for early
Cretaceous (the ﬁrst stage) and late Cenozoic (the third stage)
basalts, whereas the data for the second stage are relatively scarce.
This paper integrates the data recently available on the late
Cretaceous and early Cenozoic basalts (Yan et al., 2005; Zhang
et al., 2008; Kuang et al., 2012; Xu et al., 2012a).
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removed (Fan and Menzies, 1992; Menzies et al., 1993,
2007; Griﬃn et al., 1998; Menzies and Xu, 1998; Xu,
2001; Gao et al., 2009; Zheng, 2009). In particular, a low
thermal gradient (40 mw/m2; Griﬃn et al., 1998; Xu,
2001) of the lithospheric mantle is deﬁned by the refractory
peridotite xenoliths enclosed in the Ordovician diamondif-
erous kimberlites. This, together with low 187Os/188Os
ratios of the xenoliths (<0.113; Gao et al., 2002), indicates
an old, thick and cold cratonic keel beneath the NCC dur-
ing the Paleozoic. In contrast, a high thermal gradient
(60 mw/m2; Xu, 2001) is obtained for the fertile, oce-
anic-type peridotites in the Cenozoic basalts (Gao et al.,
2002; Rudnick et al., 2004; Hong et al., 2012), which implies
a considerable lithospheric thinning beneath the NCC dur-
ing the late Mesozoic (Menzies et al., 1993; Zhu G et al.,
2012). Meanwhile, this advance presents a major problem
in the study of the cause and mechanism of continental
lithospheric thinning, because cratonic keels are presum-
ably stable due to the buoyancy and low density of highly
melt-depleted peridotites (3.3–3.35 g/cm3) (O’Reilly et al.,
2001; Lee, 2003; Lee et al., 2011). So far, several potential
triggers have been proposed as causes for the destabiliza-
tion of the NCC, including (1) the India–Eurasia collision
(Menzies et al., 1993); (2) mantle plume activity (Wilde
et al., 2003; Deng et al., 2005); (3) the Yangtze–North
China collision (Menzies and Xu, 1998; Gao et al., 2002)
and (4) the subduction of the Paciﬁc plate underneath the
eastern Asian continent (Griﬃn et al., 1998; Xu, 2001;
Niu, 2005; Wu et al., 2008; Zhu et al., 2011). The ﬁrst pos-
sibility can be ruled out due to the diﬀerent timing of two
events. The mantle plume model can also be discarded
because of lacks of geophysical evidence for such a thermal
anomaly in eastern China (Huang and Zhao, 2006; Chen,
2010). The collision between North China and South China
in the Triassic have undoubtedly exerted an important
inﬂuence on the evolution of the NCC (Zhang et al.,
2002; Xu et al., 2004c, 2008). However, if the destruction
of the NCC was related to northward subduction of the
Yangtze plate beneath the NCC, the EW-oriented Dabie-
Sulu belt would imply a NS pattern of craton destruction
and is likely conﬁned to Southeastern part of the NCC.
This expectation is not consistent with the general NNE
oriented pattern of lithospheric thinning in the NCC (Wu
et al., 2008). Moreover, the cross-cut of the North–South
Gravity Lineament (NSGL) of all the tectonic units of east-
ern China, including the Qingling-Dabie belt to south and
the Yanshanian belt to north (Fig. 2), precludes the
South-North China collision as a principle trigger. The sub-
duction of the Paciﬁc subduction is thus now regarded as
one of principal triggers of the destruction of the NCC
(Xu et al., 2004a; Zhu RX et al., 2012), on the basis of
the following observations and inferences:
(1) Geophysical investigations and morphological analy-
ses indicate that decratonization is largely conﬁned to
east of the NSGL, whereas to west of NSGL, in par-
ticular the Ordos basin, characteristics typical of a
craton are observed (Menzies et al., 2007; Zhu
et al., 2011). This spatial pattern of craton destruc-tion, together with NE–NNE-oriented extensional
basins, main structural alignments and metamorphic
core complexes (Zheng et al., 1978; Ye et al., 1987;
Ren et al., 2002; Liu et al., 2006; Zhu G et al.,
2012), is consistent with the subduction direction of
the Paciﬁc plate.
(2) Two main episodes of late Mesozoic magmatism
have been identiﬁed in the Jurassic and the early
Cretaceous. These correspond to the subduction of
the Paciﬁc plate underneath the Eurasian content
and to subsequent extensions, respectively (Wu
et al., 2005, 2006).
(3) Global tomography studies indicate that the subduct-
ed Paciﬁc oceanic slab has become stagnant within
the mantle transition zone and extended subhorizon-
tally westward beneath the East Asian continent
(Fukao et al., 1992; Huang and Zhao, 2006; Chen
and Ai, 2009; Van der Hilst and Li, 2010). The wes-
tern end of this stagnant slab does not go beyond the
NNE-trending NSGL (Huang and Zhao, 2006; Xu,
2007).
Given the subduction of Paciﬁc plate underneath eastern
Asian continent, the slab-derived materials are expected to
be involved in the sources of the Mesozoic–Cenozoic mag-
mas in this region. Recent studies have shown the ubiqui-
tous presence of subduction-related components in late
Cenozoic basalts in eastern China (Zhang et al., 2009; Xu
et al., 2012b; Sakuyama et al., 2013). However, it remains
unclear whether similar recycled oceanic components are
present in earlier basalts (i.e., those emplaced during 90–
40 Ma, Fig. 1), for which high quality geochemical data
are not available until very recently (Zhang et al., 2008;
Kuang et al., 2012; Xu et al., 2012a). In addition, the prov-
enance of recycled oceanic components, if any, is highly rel-
evant to the proposal of the Paciﬁc subduction as one of the
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of the ﬁrst appearance of oceanic components in magmas
will provide constraints on the role of the Paciﬁc subduc-
tion on the evolution of the NCC.
The objective of this study is to review and compilemajor,
trace elements and Sr–Nd–Pb isotopic compositions ofmaﬁc
magmas emplaced since 90 Ma in North and Northeastern
China, and to use these data to elaborate their petrogenesis.
We will demonstrate the ubiquitous involvement of subduc-
tion-related components in the magma sources. Further-
more, temporal variation in geochemical features suggests
that diﬀerent parts of the recycled oceanic crust are preferen-
tially sampled at diﬀerent time. In collaborating with melting
solidus temperature and the melting column concept, this is
interpreted as diﬀerential melting of upwelling heteroge-
neous mantle as a result of lithospheric thinning. The
peculiar isotopic compositions of these oceanic crust compo-
nents suggests a link with the subducted Paciﬁc slab, which
currently stagnates at the mantle transition zone beneath
the eastern Asian continental margin (Fukao et al., 1992;
Huang andZhao, 2006). This study therefore provides petro-
logical evidence for the eﬀect of Paciﬁc subduction on the
studied region, rendering the Paciﬁc subduction as a poten-
tial trigger of the destruction of the NCC.
2. GEOLOGICAL BACKGROUND AND REVIEW OF
PREVIOUS STUDIES
2.1. Temporal distribution of Mesozoic–Cenozoic basalts in
North China
The North China Craton remained stable since its Pro-
terozoic cratonization (Zhao and Zhai, 2013). Extensive
basaltic magmatism did not occur in this region until the
Mesozoic. According to Xu et al. (2009), it includes three
main magmatic stages (Fig. 1).
The ﬁrst stage of magmatism, emplaced during late
Jurassic and Early Cretaceous, is not only distributed in
the Yanshannian belt, Taihangshan area and Sulu-Dabie
belt, but also occurred in the interior of the NCC and in
the regions adjacent to the Tanlu Fault. It seems that mag-
matism migrates with time from the margin to the interior
of the craton. Magmatism is characterized by the co-exis-
tence of maﬁc and silicic magmas (Xu et al., 2004b; Wu
et al., 2005). A prominent feature of the magmas emplaced
in this stage is their very negative eNd(t) (down to 20;
Fig. 1) and might have been derived from the enriched
lithospheric mantle (Xu, 2001; Guo et al., 2001; Zhang
et al., 2002; Xu et al., 2004c; Yang and Li, 2008; Huang
et al., 2012), which incorporated signiﬁcant amount of con-
tinental crust components.
The third stage of magmatism occurred during the late
Cenozoic (Fig. 1). Cenozoic intraplate basalts are largely
concentrated in the eastern continental margin, extending
from the northernmost in Heilongjiang province to the
southernmost in Hainan Island (Fig. 2). They constitute
an important part of the volcanic belt of the western cir-
cum-Paciﬁc rim and represent one of the presently active
tectono-magmatic regions of the world (Zhou and
Armstrong, 1982; Fan and Hooper, 1991; Liu et al., 1992,2001; Zou et al., 2000). Rock type includes predominant
alkali basalts with subordinate basanites and tholeiites.
Most of them are distributed in extensional basins, rift sys-
tems and their adjacent areas. The late Cenozoic basalts are
characterized by positive eNd(t), and is commonly attrib-
uted to melting of the asthenospheric mantle (Song et al.,
1990; Zhi et al., 1990; Xu et al., 2005). Recently, recycled
crustal components, either from subducted continental
crust or from oceanic crust, have been invoked as the
source of Cenozoic basalts (Qin, 2008; Liu et al., 2008;
Zhang et al., 2009; Zeng et al., 2011; Xu et al., 2012b;
Sakuyama et al., 2013).
Such a secular variation in magma composition likely
reﬂects the change in melting mechanism during lithospheric
thinning (Xu, 2001; Xu et al., 2004b). Melting of the litho-
spheric mantle in the ﬁrst stage was induced by the addition
of volatiles and/or crustal components that led to a signiﬁ-
cant decrease in melting temperature and by intensiﬁed glo-
bal mantle convection during the early Cretaceous. The
enriched isotopic signature in the early Cretaceous magmas
implies a relatively thick lithosphere (>100 km; Xu et al.,
2009); otherwise, magmas with depleted isotopes would be
generated, because the dry mantle can melt only when the
lithosphere is suﬃciently thinned (McKenzie and Bickle,
1988).Melting of the asthenosphere during the late Cenozoic
is therefore indicative of signiﬁcant lithospheric thinning
beneath the NCC. This inference is consistent with seismic
investigation, which indicates a lithospheric thickness of
60–80 km currently in the eastern NCC (e.g., Chen, 2010).
The enriched components involved in the early Cretaceous
magmas are essentially absent in the Tertiary basalts, imply-
ing that the lithosphere erosion and replacement beneath the
NCCmay have been accomplished by the end of the late Cre-
taceous (Lu et al., 2006; Xu et al., 2009).
An obvious shortcoming of these previous studies is the
lack of data for the second stage (Fig. 1) during which mag-
mas are scarce. This situation has been improved with some
recent studies on 90-Ma maﬁc rocks (Yan et al., 2005;
Zhang et al., 2008; Kuang et al., 2012; Xu et al., 2012a),
making it possible to better understand the lithospheric
evolution during the late Cretaceous and the early
Cenozoic.
2.2. Late Cretaceous and early Cenozoic maﬁc rocks in
North and Northeast China
In recent years, maﬁc rocks of late Cretaceous and early
Cenozoic ages are discovered in several localities in North
and Northeast China (Fig. 2). The locality, emplacement
age and the main lithological and geochemical characteris-
tics of these rocks are summarized in Table 1. A brief
description of these rocks will be given below in the order
of decreasing age of emplacement.
The Pishikou maﬁc dikes, which intruded the early Cre-
taceous Laoshan alkaline granites near Qingdao in eastern
Shandong Province (Fig. 2), were dated at 86 and 78 Ma
(Zhang et al., 2008). The dike, which is about 5–6 m wide
and extends several thousand meters, is composed of the
southern dike and the northern dike (Zhang et al., 2008).
The southern phase contains abundant peridotitic and
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Fig. 2. Map showing a simpliﬁed tectonic scheme and location of the 90–40 Ma basalts studied in this paper. Note that the eastern China is
cut by two major geological and geophysical linear zones – Tan-Lu fault zone (TLFZ) to the east and North–South Gravity Lineament
(NSGL) to the west. The samples integrated in this study were collected from Pishikou (86–76 Ma; Zhang et al., 2008); Dashizhuang (73 Ma,
Yan et al., 2005), Laohutai (70–60 Ma, Kuang et al., 2012), Shuangliao (51–41 Ma; Xu et al., 2012a,b). Data for late Cenozoic basalts
(<20 Ma) from Shandong are from Zeng et al. (2010, 2011).
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and clinopyroxene. In contrast, no xenoliths are present
in the northern phase, which is massive, and contains abun-
dant phlogopite megacrysts. The Pishikou maﬁc dike is
dark green and shows a porphyritic texture, with clinopy-
roxene (10%) as the main phenocryst. The matrix is com-
posed of clinopyroxene, feldspar, biotite, aphanitic
material, and some accessory minerals of ilmenites and
apatites.
The Daxizhuang basalts in Jiaodong Pennuslia represent
a part of the Hongtuya Formation of the late Cretaceous
Wangshi Group (Zhang and Liu, 1996). Ar–Ar dating sug-
gests an emplacement age of 73 Ma (Yan et al., 2005), con-
sistent with the sedimentary sequential constraints. Massive
basalts are black in appearance and contain spinel perido-
tite xenoliths of 1–10 cm in size. Olivine is the dominant
phenocryst (8–15%). The matrix is composed of clinopyrox-
ene and feldspar.
The Laohutai Formation occurs in the Fushun-Mishan
graben near Fushun city, which is the northern extension
of Tan-Lu fault (Fig. 2). It is composed of volcanic succes-sions and subordinate amount of coal, gray to black shale,
sandstone and tuﬀs. The lava succession comprises of alkali
basalts in the lower part and tholeiitic basalts in the upper
part (Kuang et al., 2012). Ar–Ar geochronology shows that
they were emplaced at 70 Ma (alkali basalts) and 60 Ma
(tholeiitic basalts) (Kuang et al., 2012). The basalts are
black massive, and have olivine (<2%) and augite (5–
10%) as phenocrysts with a groundmass composed of pla-
gioclase (20–40%), pyroxene (30–40%) and minor olivine
and magnetite.
Eocene basalts are found in Shuangliao (Yu, 1987; Xu
et al., 2012a), which consists of eight small volcanoes.
The eruptive rocks vary from dolerites, alkaline olivine
basalt to basanite, carrying abundant mantle xenoliths
of spinel lherzolites and harzburgites (e.g., Yu et al.,
2009). The Eocene eruption age of the Shuangliao basalts
range from 51 to 41 Ma (Xu et al., 2012a), distinct from
the predominant post-Miocene age of Cenozoic basalts in
Eastern China. Moreover, the alkalinity of the Shuan-
gliao volcanic rocks appears to decrease with time (Xu
et al., 2012a).
Table 1
Main characteristics of the 90–40 Ma basalts in North and Northeast China.
Locality Age (Ma) Rock type Geochemistry References
Pishikou, Qingdao 86, 78 Ma Maﬁc dykes of basanite composition
intruding early Cretaceous A-type
Laoshan granite. Some contain peridotite
and granulite xenoliths.
SiO2 = 41.9–43.0% Zhang et al. (2008)
FeOT = 15.1–16.4%
Eu/Eu*=0.95–1.01
eNd = 2.7–3.8
87Sr/86Sr = 0.7060–0.7062
Daxizhuang, Jiaodong Pennisula 73 Ma Alkali basalt containing mantle xenoliths.
Belonging to Hongtuya Group.
SiO2 = 45.4–46.2% Yan et al. (2005)
FeOT = 12.1–12.7%
Eu/Eu*=0.95–1.09
eNd = 7.1–7.6
87Sr/86Sr = 0.7035–0.7038
Laohutai, Fushun area 70–60 Ma Laohutai Formation, consisting of alkali
basalts in the lower part and thoeliitic
basalts in the upper part of the lava
succession
SiO2 = 49.2–50.5% Kuang et al. (2012)
FeOT = 11.4–12.2%
Eu/Eu*=1.0–1.13
eNd = 1.8–5.3
87Sr/86Sr = 0.7037–0.7054
Shuangliao, Jilin Province 50–40 Ma Basanite, alkali basalts, transitional
basalts and diabases
SiO2 = 42.9–47.5% Xu et al. (2012a)
Basanite and alkali basalts carry
abundant peridotite xenoliths
FeOT = 13.4–14.5
Eu/Eu* = 1.03–1.17
eNd = 4.2–6.2
87Sr/86Sr = 0.7030–0.7036
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3.1. Rock types and major element compositions
A compiled dataset of geochemical and isotopic compo-
sitions of the 90–40 Ma maﬁc rocks is available at
Electronic Supplement Files. For the purpose of compari-
son, the data of early Cretaceous and late Cenozoic maﬁc
magmas are also plotted in Figs. 3 and 6.
The late Cretaceous and early Cenozoic (90–40 Ma) bas-
alts from North and Northeast China range from tholeiite,
alkali basalt to basanite (Fig. 3a). Comparatively, the late
Cenozoic basalts tend to have higher alkalinity, and the
Mesozoic lavas straddle the alkali-subalkali boundary,
spreading from basalt through andesite basalt to andesite
(Fig. 3a). On binary diagrams with SiO2 (Fig. 3), the 90–
40 Ma rocks show a broadly positive correlations with
Al2O3 but negative correlations with TiO2, FeOT and
CaO, which can apparently be explained by fractional crys-
tallization of the common mineral phases including olivine,
orthopyroxene, clinopyroxene and magnetite. However,
diﬀerent rock types display distinct correlations, therefore
arguing against fractionation as a controlling process on
the overall compositional variations. This is most clear in
the plots of MgO and CaO vs SiO2 (Fig. 3e, f). For
instance, the basanites (SiO2 < 45%) form a positive corre-
lation with MgO, whereas the alkali basalts (SiO2 > 45%)
form a negative correlation with MgO, and tholeiites from
Laohutai (SiO2  50%) seems to form a distinct group
(Fig. 3e). CaO in the basanites correlate negatively with
SiO2, whereas CaO in alkali basalts and tholeiites do not
form regular trends. At a given SiO2 content, the 90–
40 Ma basalts tend to have lower CaO and higher FeO than
the late Cenozoic samples (Fig. 3c, f). The latter thus
reﬂects Fe-rich feature of the magma source.3.2. Trace element compositions
Primitive mantle-normalized multi-element spidergrams
(Fig. 4) and co-variations of trace element ratios (Fig. 5)
are used to illustrate the trace element compositions of
the 90–40 Ma samples. The studied samples show essen-
tially similar patterns, characterized by enrichment of light
rare earth elements (LREE) over heavy rare earth elements
(HREE), enrichment in Nb and Ta, and a negative Pb
anomaly (Fig. 4). LREE/HREE fractionation decreases
from basanites [(La/Yb)N = 39–42], via alkali basalts to
tholeiites [(La/Yb)N = 5.0–5.3]. In particular, the
Shuangliao basanites show progressive depletion towards
the most incompatible elements (Rb, Ba, Th, U; Fig. 4a),
resembling type HIMU ocean island basalts (Chauvel
et al., 1992; Willbold and Stracke, 2006). Other distinct fea-
tures of the Shuangliao samples include notable positive Eu
and Sr anomalies. The basanites from Pishikou are distinct
from the Shuangliao basanites in having excess Sr, Rb, Ba
and a deﬁciency of Zr and Hf relative to the REE (Fig. 4b),
probably indicative of seawater alteration.
Tholeiites from Laohutai have lower concentrations in
incompatible elements and a lower degree of LREE/HREE
fractionation [(La/Yb)N = 5.0–5.3]. Like the Pishikou sam-
ples, they show peaks at Ba, Sr and Eu, troughs at Pb
(Fig. 4d). Alkali basalts are from Daxizhuang, Laohutai
and Shuangliao. Their LREE/HREE fractionation is inter-
mediate between that of basanites and tholeiites. A striking
feature of the Daxizhuang alkali basalts is the presence of
positive U anomaly (Fig. 4c).
Compared to the late Cenozoic basalts, the 90–40 Ma
magmas are characterized by lower Zr/Hf (35.2–46.3)
and higher Eu/Eu* (Fig. 5a). Nb/Ta ratios show a rela-
tively wide range (13.7–19.0), either higher or lower than
those of the late Cenozoic basalts (Fig. 5c). These ratios
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McDonough, 1989; Pfa¨nder et al., 2007), but higher than
the estimate for the continental crust (12–13). Compati-
ble with major element variation, trace element ratios also
vary with rock types. For instance, the basanites andalkali basalts have similar Zr/Hf and Nb/Ta, whereas tho-
leiitic basalts from Laohutai display lower Zr/Hf and Nb/
Ta ratios (Fig. 5c). Moreover, Sm/Yb of the most samples
negatively correlates with Eu/Eu* (Fig. 5d), suggesting a
relationship between type of source material (Eu/Eu*) on
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Fig. 4. Primitive mantle-normalized trace element diagrams for representative samples of the 90–40 Ma basalts from North and Northeast
China. (a) Shuangliao; (b) Pishikou; (c) Daxizhuang and (d) Laohutai. Data source: Yan et al. (2005), Zhang et al. (2008), Kuang et al. (2012)
and Xu et al. (2012a). Normalization values are from Sun and McDonough (1989).
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other.
3.3. Sr–Nd–Pb isotopes
The 90–40 Ma maﬁc rocks deﬁne two diﬀerent trends in
the Sr–Nd isotope space (Fig. 6a). The ﬁrst one, which is
observed for younger magmas (<70 Ma) including samples
from Shuangliao and Daxizhuang, deﬁnes a roughly posi-
tive correlation between 87Sr/86Sr and eNd. This trend repre-
sents a mixing between two depleted components (Xu et al.,
2012a). The depleted component I, best represented by the
Shuangliao basanites, is characterized by low 87Sr/86Sr
(<0.7030) and eNd (4) (Fig. 6a). The depleted component
II, best represented by the Daxizhuang alkali basalts, is
characterized by moderately low 87Sr/86Sr (0.7038) and
high eNd (8). This component has higher eNd and 87Sr/86Sr
than the late Cenozoic basalts (Zeng et al., 2011). Similar
isotope composition has been reported for the Jiaohe garnet
pyroxenites (Fig. 6a), which have been interpreted as meta-
morphosed recycled oceanic crust (Yu et al., 2010).
The second trend is observed for the older magmas (90–
60 Ma) including samples from Pishikou and Laohutai. It
consists of a segment with negative Sr–Nd isotopic correla-
tion and a horizontal segment for which 87Sr/86Sr varies sig-
niﬁcantly (up to 0.7060) over relatively constant eNd
(Fig. 6a). Such a trend is reminiscent of seawater alteration
trend of oceanic basalts. These two trends are signiﬁcantlydiﬀerent from that of the late Cenozoic basalts from
Shandong (Zeng et al., 2011), which might have resulted
from a mixing between a depleted component and an
enriched component from lithospheric mantle or continen-
tal crust (Fig. 6a).
Lead isotope composition (206Pb/204Pb = 17.1–18.3,
207Pb/204Pb = 15.3–15.5 and 208Pb/204Pb = 37.3–38.6) of
the 90–40 Ma maﬁc rocks are similar to that of late
Cenozoic basalts, but the majority of samples show a more
restricted range within the MORB ﬁeld (Fig. 6b, c). In the
plot of 208Pb/204Pb versus 206Pb/204Pb, all the samples plot
above the Northern Hemisphere Reference Line (NHRL,
Hart, 1984), showing a DUPAL anomaly which also char-
acterizes the late Cenozoic basalts from eastern China (Tu
et al., 1991; Zou et al., 2000). However, some samples plot
beneath the NHRL in the plot of 207Pb/204Pb versus
206Pb/204Pb (Fig. 6c), a characteristic for young (<1.5 Ga)
HIMU mantle sources (Thirlwall, 1997).
4. DISCUSSIONS
4.1. Eﬀect of fractionation and crustal contamination on
magma compositions
Before inference can be made about the nature and ori-
gin of the source of the 90–40 Ma basalts, the potential
eﬀect of crustal contamination and fractional crystallization
need to be evaluated. In order to minimize such eﬀects, we
0.04
0.06
0.08
0.10
0.12
L
/u
f
H
80/20
20
10
52010 2
2
40
40
10
7
5
1
0.5
70/30
Peridotite melting
0.02
30 32 34 36 38 40 42 44 46 48 50 52
10
12
14
16
18
20
Eclogite melting
Zr/Hf
N
/b
Ta
80/20
Zr/Hf=36
5
10
20
40
5
10
20
1530
3
5
7
Zr/Hf=27cpx/grt=70/30
Eclogite melting
Peridotite melting
1.0
1.1
1.2
E
u/
E
u*
(a)
(b)
(c)
Shuangliao
0.9 1.0 1.1 1.2
1
3
5
7
9
11
S
m
/Y
b
Eu/Eu*
0.1
Fig. 5. (a–c) Eu/Eu*, Nb/Ta, Lu/Hf versus Zr/Hf, and (d) Sm/Yb
versus Eu/Eu* for the 90–40 Ma and late Cenozoic basalts from
North and Northeast China. Eu/Eu* = (Eu)N/[2/3(Sm)N + 1/
3(Gd)N], where subscript N denotes chondrite normalization. Data
source as in Fig. 3. Melting curves of eclogite and peridotite in (b
and c) are from Pfa¨nder et al. (2007).
87 86Sr/ Sr (t)
ε
(t
)
N
d
0.703 0.704 0.705 0.706 0.707
-2
0
2
4
6
8
10
Marine sediment
90-60 Ma
<20 Ma
Jiaohe pyroxenite
70-40 Ma
16.0 16.5 17.0 17.5 18.0 18.5 19.0
36.0
36.5
37.0
37.5
38.0
38.5
39.0
16.0 16.5 17.0 17.5 18.0 18.5 19.0
15.0
15.1
15.2
15.3
15.4
15.5
15.6
206 204Pb/ Pb(t)
20
8
20
4
P
b/
P
)t( b
20
402
7 P
b/
P
b(
t)
NH
RL
MORB
Late Cenozoic
basalts
EM I
NHR
L
MORB
Late Cenozoic
basalts
EM I
90-40 Ma
206 204Pb/ Pb(t)
(a)
(b)
(c)
Seawater alteration
Depleted component II
Depleted 
component I
Enriched 
component
Fig. 6. (a) eNd versus
87Sr/86Sr; (b)
207Pb/204Pb versus 206Pb/204Pb,
(c) 206Pb/204Pb versus 206Pb/204Pb. The dashed lines in (a) denote
two mixing trends. Data for late Cenozoic basalts and Jiaohe
pyroxenites (Basu et al., 1991; Song et al., 1990; Qin, 2008; Yu
et al., 2010) are shown for comparison. The ﬁelds of MORB, EM1
and the NHRL are taken from Hart (1984) and Zindler and Hart
(1986).
56 Y.-G. Xu /Geochimica et Cosmochimica Acta 143 (2014) 49–67concentrated on the samples with high MgO contents
(>8%) because they are supposed to be less likely to have
interacted with the crust on their way to the surface. In
Fig. 7, several trace element and isotopic ratios are plotted
against MgO. These ratios do not vary with MgO, thereby
arguing against fractionation as controlling process on the
observed geochemical variation. This is further supported
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For instance, the basanites show a positive SiO2–MgO cor-
relation whereas alkali basalts form a negative correlation
(Fig. 3e).
There is no regular correlation is observed for 87Sr/86Sr
and 1/Sr for all the 90–40 Ma basalts (Fig. 8a). Speciﬁcally,
the samples from Shuangliao and Daxizhuang show rela-
tively constant 87Sr/86Sr over a range of 1/Sr. The rest sam-
ples show a broadly negative correlation, inconsistent with
crustal contamination. If the upper crust was involved in
magma genesis, the most contaminated samples with the
lowest eNd would also display the lowest Sm/Nd (Fig. 8b),
because the upper crust is generally characterized by LILE
enrichment (low Sm/Nd) and HFSE-depletion. Although
the samples from Laohutai plot along this expected con-
tamination trend (Fig. 8b), the positive correlation between
eNd and SiO2 (Fig. 8c) is contrary to what is expected by
assimilation–fractionation–crystallization (AFC) model
(DePaolo, 1981).
The majority of the samples deﬁne a gentle positive cor-
relation between eNd and Sm/Nd, in apparent agreement
with crustal contamination. However, mass balance calcu-
lation shows that, to reduce the concentration of Nb in0.8
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The present dataset therefore points to an insigniﬁcant
role of crustal contamination in controlling elemental and
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rather good correlations between major elements, trace ele-
ment ratios and isotopes (Fig. 9) suggest that the observed
compositional variation reﬂects the source heterogeneity
and mixing of variable components (see next sections).10
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Inference about source lithology can be made through
comparison of the major element compositions of primary
magmas with melts formed experimentally at high pres-
sures. So far, such high pressure experiments have been car-
ried out on a wide array of possible mantle compositions
including volatile-free peridotite, peridotite + CO2, perido-
tite–basalt mixtures, garnet pyroxenite, eclogite (+CO2)
and hornblendite (Hirose and Kushiro, 1993; Kogiso
et al., 2003; Kogiso and Hirschmann, 2006; Hirschmann
et al., 2003; Dasgupta et al., 2006, 2007; Pilet et al.,
2008). The samples with relatively high MgO contents
(>8%) together with those determined experimentally atdiﬀerent pressures are plotted in Fig. 10. Such comparisons
suggest that the most plausible source is eclogites and/or
garnet pyroxenites, because they plot within the range
deﬁned by melts from these starting materials, particularly
in terms of SiO2 and Al2O3 contents at given MgO. Like
OIB lavas, the 90–40 Ma maﬁc basalts from North and
Northeastern China are characterized by lower Al2O3 con-
tents compared with experimentally derived partial melts of
peridotite (Fig. 10b). Low Al2O3 contents in the studied
basalts, which cannot be related to fractionation of Al-rich
phases such as plagioclase and garnet as the latter were not
the liquidus phases, are consistent with melting of ecologite
(Dasgupta et al., 2010). This inference is in agreement with
recent melt inclusion studies which indicate a two-phase
(garnet + clinopyroxene) source (Hong et al., 2013).
Involvement of peridotite in the source is also required to
explain high MgO and Ni contents in some of the studied
samples.
Distinction between peridotitic and pyroxenitic/eclogitic
source can further be made by comparing the observed
variations in Fe/Mn, Nb/Ta, Lu/Hf and Zr/Hf ratios for
the 90–40 Ma basalts with experimental melts (e.g.,
Kogiso et al., 2003) or calculated melting curves for respec-
tive sources (Pfa¨nder et al., 2007). Experiments showed that
high Fe/Mn (>60) basaltic melts can be produced by partial
melting of pyroxenite while the degree of melting is less
than 70%, or hydrous peridotite while the degree of melting
is greater than 50% (e.g., Kogiso et al., 2003), while basaltic
melts in equilibrium with dry peridotite (Fe/Mn of
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Therefore, for less than 50% melting, high Fe/Mn ratios
(>60) in “primitive” basalts may point to an eclogite/pyrox-
enite source, while lower values suggest a peridotite source
(Liu et al., 2008). Most basalts investigated here have
Fe/Mn ranging from 65 to 70, thus consistent with a pyrox-
enite-dominated source. In the plot of Lu/Hf versus Zr/Hf
(Fig. 5b), the 90–40 Ma magmas are plotted in the ﬁeld
bracketed by melting lines of ecologite and peridotite, sug-
gesting that they represent pooled magmas from melting of
both ecologite and peridotite. A similar conclusion can be
drawn from the plot of Nb/Ta versus Zr/Hf (Fig. 5c).
However, the samples from Laohutai are characterized by
lower Nb/Ta and Zr/Hf compared to the both ecologite
and peridotite melting curves. This requires the presence
of sediments in the source of these magmas, because these
elemental ratios in GLOSS are low (Plank and Langmuir,
1998). Some of the late Cenozoic basalts plot along the
melting curve for peridotites, suggesting a more signiﬁcant
contribution of the eclogitic/pyroxenitic component in the
90–40 Ma magmas than in late Cenozoic basalts. This is
consistent with the higher Eu/Eu* of the 90–40 Ma magmas
compared to the late Cenozoic basalts (Fig. 7).
4.3. Identiﬁcation of components in magma source
Three components can be identiﬁed in the Sr–Nd iso-
tope space for the source of the 90–40 Ma magmas, namely
depleted component I and II, and an enriched component(Fig. 6a). The same is for the plots of isotopic ratios against
Eu/Eu* and FeO content (Fig. 9). The positive Sr and Eu
anomalies do not reﬂect accumulation of plagioclase,
because plagioclase is only rarely present modally in the
samples. Variably high Eu/Eu* of the studied samples likely
inherit the source characteristics. A similar conclusion can
be made for the high Fe content in the source, given the
negative correlation between eNd and FeO for most of
the 90–40 Ma basalts (Fig. 9a), which is the opposite of
the crustal contamination trend. Interestingly, these com-
ponents are most evident in basanites (from Pishikou and
Shuangliao), probably because of their low degree of partial
melting, which ensures preferential sampling of fusible
material compared to mantle peridotites.
4.3.1. Depleted component I: recycled lower (gabbroic)
oceanic crust
The depleted component I, best represented by the
Shuangliao basanites, shows relatively low 87Sr/86Sr
(<0.7030), moderate 206Pb/204Pb (18.2), moderately high
eNd (4), high Eu/Eu* (>1.1) (Figs. 6 and 9), and HIMU-
like trace element characteristics. In particular, the 87Sr/86Sr
ratios are the lowest among reported values for Cenozoic
basalts from eastern China, and are partly within the ﬁeld
of typical HIMU basalts from French Polynesia and St
Helena (Xu et al., 2012a). These rocks overlap isotopically
with the N-MORB ﬁeld (Fig. 6), therefore consistent with
a recent derivation from MORB source materials.
Explanations for the origin of this depleted component
include derivations from (a) MORB-type lithosphere or
asthenosphere, (b) lower, less-altered portions of the recy-
cled oceanic crust (gabbro or ultramaﬁc cumulates) and
recycled lithospheric mantle. To our knowledge, oceanic
crust represents the most suitable candidate for this
HIMU-like source, because subducted oceanic lithosphere
(basaltic crust plus oceanic lithospheric mantle) is the only
known component that is depleted in highly incompatible
elements (Hofmann and White, 1982; Hofmann, 1997;
Chauvel et al., 1992; Kogiso et al., 1997, 2003), although
alternative explanations have recently been proposed (Niu
and O’Hara, 2003).
The samples with the lowest 87Sr/86Sr also show the
highest Eu/Eu* ratios (Fig. 9b). The positive Eu and Sr
anomalies require that plagioclase was a signiﬁcant compo-
nent in the source, because experimental data show that
plagioclase accepts Sr, Pb and Eu. The lower oceanic crust,
constituted by gabbroic/ultramaﬁc cumulates, is therefore a
plausible candidate of this plagioclase-rich source.
Compared to the upper oceanic crust, the lower portion
of the oceanic crust is less aﬀected by seawater alteration,
therefore keeping their isotopic composition largely intact.
4.3.2. Enriched component: hydrothermally altered upper
oceanic crust
The enriched component, best represented by Pishikou
basanites, has low eNd (2–3), high
87Sr/86Sr (>0.7065), low
206Pb/204Pb (17), excess Sr, Rb, Ba and a deﬁciency of Zr
and Hf relative to the REE (Fig. 4b). The Sr–Nd isotopes
observed for the Pishikou basanites is reminiscent of seawa-
ter-altered oceanic basalt which displays a relatively
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60 Y.-G. Xu /Geochimica et Cosmochimica Acta 143 (2014) 49–67constant eNd and a wide range of
87Sr/86Sr ratios
(McCulloch et al., 1980), because seawater is extremely
low in Nd concentration (O’Nions et al., 1978). Since the
magmas were emplaced in a continental setting, the seawa-
ter alteration must have taken place in the source region.
The samples with highest 87Sr/86Sr ratios have distinctly
high Sr content of over 2000 ppm. Such a component is also
characterized by relatively low Eu/Eu*, Zr/Hf and Nb/Ta
(Figs. 5 and 6), probably indicative of involvement of mar-
ine sediments. The most likely candidate for this enriched
component is the basaltic portion of the oceanic crust,
which is altered by seawater to some extents and contains
variable amount of marine sediments.
4.3.3. Depleted component II – sub-lithospheric ambient
mantle
A third component, named here as depleted component
II, distinguishes itself by its high eNd (8) and moderate
87Sr/86Sr (0.7038). The presence of such a component is
most evident in the samples from Daxizhuang (Yan et al.,
2005). Its mixing with the depleted component I can
account for the positive Sr–Nd isotopic correlation for
the samples of <60 Ma (Fig. 6a). Although the nature
and provenance of this third component is diﬃcult to
assess, we tentatively regard its derivation from the sub-
lithospheric ambient mantle, or the ultramaﬁc portion of
a subducted oceanic crust.
4.3.4. Other evidence for recycled oceanic crust in magma
source
The above analyses suggest a heterogeneous source for
the 90–40 Ma basalts from North and Northeast China,
including recycled oceanic crust (ROC) and mantle perido-
tites. This ROC includes a hydrothermally altered basaltic
upper crust (enriched component) and gabbroic + ultra-
maﬁc cumulate lower crust and/or harzburgitic lithospheric
mantle (depleted component I). The idea that diﬀerent lay-
ers of subducted oceanic lithosphere could be responsible
for the geochemical variations in magmas receives support
from recent studies of Hawaiian, Icelandic and Maeira hot-
spot volcanism (Hauri, 1996; Chauvel and Hemond, 2000;
Geldmacher and Hoernle, 2000; Kokfelt et al., 2006). It
also gains supports from the consistency between the
inferred diﬀerence of upper and lower crust, and observed
one. For instance, the inferred recycled upper oceanic crust
is characterized by moderate eNd, high
87Sr/86Sr, high FeO
(16 wt%) and low Eu/Eu* (1), whereas the recycled
lower oceanic crust is characterized by high eNd, low
87Sr/86Sr, moderately high FeO (14 wt%) and high
Eu/Eu* (>1.1). Similar diﬀerence is observed in a study of
gabbroic and basaltic ocean crust beneath Canary
(Chauvel and Hemond, 2000), where the gabbroic lower
crust has lower FeOT (average of 8.5 wt% at average SiO2
of 50.8 wt%), 87Sr/86Sr (0.7034), 206Pb/204Pb (18.6) and
higher 143Nd/144Nd (0.51301) than the basaltic upper crust
(FeOT = 10.8 wt%,
87Sr/86Sr = 0.7038, 206Pb/204Pb = 18.9).
As a result of subduction and deep mantle recycling,
oceanic crustal material will be transformed into garnet
pyroxenite/eclogite. Metamorphosed subducted oceanic
crust has been found as xenoliths of garnet pyroxenites inboth basalts and kimerlites (Jacob, 2004; Gonzaga et al.,
2010). In the case of eastern China, a suite of garnet pyrox-
enite xenoliths from Jiaohe, NE China, has recently been
designated as remnant metamorphosed subducted oceanic
crust (Yu et al., 2010), therefore providing concrete evi-
dence for the presence of such rocks in the deep mantle.
4.4. A dynamic model for 50 Ma geochemical evolution in
North and Northeast China
A way to investigate the nature and evolution of the
source heterogeneity beneath a given region is to look at
the temporal distribution of the enriched versus depleted
components in mantle-derived magmas. For this purpose,
Eu/Eu* and 87Sr/86Sr ratios of least-fractionated basalts
are plotted against their emplacement ages (Fig. 11). As dis-
cussed above, both ratios are good indicators of involve-
ment of oceanic crust, with gabbroic lower oceanic crust
having higher Eu/Eu* and lower 87Sr/86Sr than basaltic
upper oceanic crust. Fig. 11 shows that Eu/Eu* increases
and 87Sr/86Sr decreases with decreasing age. Eu/Eu* is
broadly negatively correlated with Sm/Yb (Fig. 5d). Since
Sm/Yb is predominantly inﬂuenced by melting depth (and
to a less extent by melting degree), and isotope ratios mirror
the relative contribution of the two source components,
these relationships thus indicate that, (1) at an initial stage,
the bulk melt was dominated by enriched component with
high 87Sr/86Sr and low Eu/Eu*, generated at relatively great
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depleted component with high Eu/Eu* and low 87Sr/86Sr
become dominant, probably generated at relatively shallow
depths by a great extent of melting. These variations there-
fore mirror a change in source from upper ocean crust to
lower recycled crust. In other words, the more enriched
basaltic crustal component is preferentially sampled during
the early stage of volcanism, whereas the more depleted
lower crust and lithospheric mantle components are prefer-
entially sampled during a late stage.
To account for such peculiar characteristics, we propose
a non-modal dynamic melting model, adopting the melting
column concept of Langmuir et al. (1992), in which instan-
taneous melts are extracted from various depths through-
out the melting column and aggregated to form a pooled
melt that erupts at the surface. The lengths of melting col-
umns, i.e. depth intervals over which melting occurs, extend      (a) Late Cretaceous
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a thin lithosphere.
The dynamic melting of a two-component source
accompanied by lithospheric thinning, represents the most
likely interpretation for the temporal variation in composi-
tion observed for the 90–40 Ma magmas from North and
Northeast China. The model is schematically illustrated in
Fig. 12, where the asthenosphere consists of streaks of more
fusible ROC in a more refractory peridotite matrix.ltered upper 
OC solidus
Peridotite
solidus
Spinel
Garnet
Asthenosphere
abbroic lower
OC solidus
Lower oceanic crust
        + peridotite
high Eu/Eu*
87 86low Sr/ Sr
      (b) Early Cenozoic
uring lithospheric thinning (adopting from Ito and Mahoney, 2005;
ariation in composition of the 90–40 Ma basalts from North and
OC and peridotite are indicated schematically. Rectangular boxes
omponent and a peridotitic matrix. The lengths of melting columns
During the late Cretaceous, the lithosphere was relatively thick and
pper part of ROC (i.e., eclogite/pyroxenite) with low melting points
r ratios. (b) During the early Cenozoic, melting column moved to a
s of the lower OC was crossed. The magmas generated during this
e consumption of the upper OC during previous melting events, the
d low 87Sr/86Sr ratios.
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depends on the diﬀerence in solidus temperature between
the diﬀerent layers of subducted oceanic crust and perido-
tite (Stracke and Bourdon, 2009). The length of melting col-
umn is variable, governed by proportion of ROC versus
peridotites in upwelling mantle and variation in lithospheric
thickness.
During the late Cretaceous, a mantle pulse containing
ROC ascended through the upper mantle. In the shallow
asthenosphere, the solidus for the hydrothermally altered,
basaltic upper crust was crossed ﬁrst, followed by the soli-
dus for the gabbroic lower crust and peridotitic mantle
(Geldmacher and Hoernle, 2000; Hirschmann and
Stopler, 1996; Kogiso et al., 2003; Fig. 12). Melts derived
from the upper and lower crust and lithospheric mantle
mixed at the top of the melt column forming magmas
erupted at the surface. In consideration of the observed
geochemical trends, the lengths of the melting column must
have been variable during this period. Since the ﬁnal depth
of a melting column is truncated by the overlying litho-
sphere, the lithospheric thickness is likewise variable too.
The lithosphere must be relatively thick at the late Creta-
ceous so that the melting column was relatively short, and
the decompressional melting was largely conﬁned to the
deep portion where only ROC (i.e., pyroxenite/eclogite)
melts (Fig. 12a). As a consequence, melting degree was rel-
atively small and the average melting depth was relatively
high, resulting in preferential sampling of the more fertile
basaltic crustal component in the late Cretaceous magma-
tism. As a result, the bulk melt was dominated by enriched
component with high 87Sr/86Sr and low Eu/Eu* ratios.
With continuous upwelling of the asthenosphere subse-
quent to lithospheric thinning, melting interval in the early
Cenozoic became longer, resulting in a large melting extent.
At this time, the solidus of lower oceanic crust was reached
(Fig. 12b). The resultant melt formed in this stage is
dominated by melts derived from depleted recycled lower
oceanic crust, characterized by high Eu/Eu* and low
87Sr/86Sr ratios.Fig. 13. Pb isotope comparison of the 90–40 Ma basalts from
North and Northeast China with various MORB types of
Hofmann (2004). Note the resemblance of the studied basalts to
the Indian MORB rather than the Paciﬁc MORB.4.5. Provenance of oceanic crustal components
Provenance of ROC components in the 90–40 Ma bas-
alts is diﬃcult to constrain, because ROC (±sediment)
may be preserved over a broad range of time within the
mantle (Chauvel et al., 1992; Thirlwall, 1997; Geldmacher
and Hoernle, 2000), and become largely modiﬁed and dis-
persed due to the large scale mantle convection. It has
widely been accepted that oceanic crust can be recycled
through the mantle as a result of subduction to a thermal
boundary layer and then subsequent return to the surface
at mid ocean ridges or hotspots. However, there is no seis-
mic evidence for mantle plumes underneath eastern China
(Huang and Zhao, 2006; Chen, 2010). Seismic tomography
instead revealed that the subducted Paciﬁc oceanic slabs
have become stagnant within the mantle transition zone
and extended sub-horizontally westward beneath the East
Asian continent (Fukao et al., 1992; Zhao et al., 2004;
Huang and Zhao, 2006). It has been estimated that the sub-
ducting slab may have existed beneath eastern China sincethe late Cretaceous (Niu, 2005; Van der Hilst and Li, 2011).
Therefore, an alternative is that these ROC components
may have been derived from the stagnant slab of Paciﬁc
plate within the mantle transition zone (Xu et al., 2012a;
Sakuyama et al., 2013).
If this is valid, the 90–40 Ma maﬁc rocks should show
isotope compositions similar to the Paciﬁc MORB. Surpris-
ingly, these rocks are isotopically distinct from the Paciﬁc
MORB but resemble the Indian MORB (Fig. 13). Xu and
Castillo (2004) showed that the Mesozoic oceanic crust of
the Tethys derives from the Indian-type upper mantle. Sub-
duction of this type of oceanic crust underneath the NCC
before and during the collision between the Yangtze and
North China blocks thus represents a possible solution to
this dilemma. However, the fact that all the 90–40 Ma bas-
alts and stagnant slabs are distributed in the region east of
the NSGL (Fig. 2) is more consistent with a westward sub-
duction of the Paciﬁc plate.
On the basis of Pb isotopes of arc magmas at Kuriles-
NE Japan-Izu-Bonin-Mariana, Straub et al. (2009) noticed
the discrepancy in the present-day Izu-Bonin-Mariana
trench input (Paciﬁc ocean crust) and arc output (Indian
crust signature). Taking into consideration of plate tectonic
reconstruction of Mueller et al. (2008), they suggested that
old (120 Ma) subducted slab of Izanaghi-Paciﬁc plate in
NW Paciﬁc would have Indian-type crust composition.
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with Kuriles as a possible remnant of that plate.
Accordingly, the slab that currently stagnates beneath east-
ern China may have more enriched Sr–Nd–Pb like the
Indian MORB than the Paciﬁc MORB. Melting of ROC
components derived from this stagnant slab therefore
accounts for the Indian-type mantle signature exhibited
by the 90–40 Ma basalts (and Dupal anomaly in many
Cenozoic basalts in eastern China).
5. SOME BEARINGS ON THE DESTRUCTION OF
THE NORTH CHINA CRATON
5.1. Lithospheric thinning underneath the NCC during late
Cretaceous-early Cenozoic
The timing of lithospheric thinning in the NCC remains
controversial with two main existing opinions (Wu et al.,
2008; Xu et al., 2009; Zhu et al., 2011). One postulates that
the destruction of the NCC was accomplished over a short
period, that is within the early Cretaceous (125 Ma; Yang
et al., 2003; Wu et al., 2005); the other suggests a prolonged
(>100 Ma) lithospheric thinning process, probably starting
from late Triassic–early Jurassic to late Cretaceous–early
Cenozoic (Xu et al., 2004b, 2009). As discussed previously,
the temporal variations in compositions and isotopes exhi-
bit by the 90–40 Ma basalts are best explained by dynamic
melting of a two-component source during lithospheric
thinning (Fig. 12). If this model is valid, it implies litho-
spheric thinning in the NCC not only occurred in early
Cretaceous, but also likely continued until early Cenozoic
(Fig. 12). This view is consistent with the relatively small
volume of the 90–40 Ma magmas, because if the lithosphere
at time was already very thin, the recycled crust in magma
source would ensure a large degree of melting due to its
lower melting temperature.
5.2. Paciﬁc subduction as a trigger of the destruction of the
North China Craton
The ﬁndings of signiﬁcant contribution of ROC (which
is likely related to Paciﬁc subduction) in the genesis of
90–40 Ma magmas (Xu et al., 2012a; this study) and in late
Cenozoic basalts (Qin, 2008; Zhang et al., 2009; Xu et al.,
2012b; Sakuyama et al., 2013) lend supports to the idea that
the subduction of the Paciﬁc plate underneath the eastern
Asian continent may have triggered the destruction of the
NCC (Zhu G et al., 2012; Zhu RX et al., 2012). The geo-
chemistry of the 90–40 Ma basalts likely records a long-
term inﬂuence of Paciﬁc subduction, which can be traced
back at least to late Cretaceous. An earlier initiation of
the Paciﬁc subduction can further be inferred from plate
reconstruction and recognition of subduction-related arc
magmatism in NE China. For instance, on the basis of plate
reconstruction, Mueller et al. (2008) suggest that the sub-
duction of Izanaghi-Paciﬁc plate underneath the eastern
Asian continent started as early as since early Cretaceous.
This view is shared by Yu et al. (2009) who interpreted
the early Cretaceous calc-alkaline magmatism in NE China
as magmatic response of contemporaneous Paciﬁcsubduction. Based on ﬁeld observation and deformational
analyses, Zhu G et al. (2012) showed that the principal
extension direction in the eastern NCC evolved from
WN-ESE in the earliest-middle Early Cretaceous, via
NW–SE in the latest Early Cretaceous, to nearly N–S in
the Late Cretaceous–Paleogene. This clockwise rotation
of the principal extension direction of the continental
deformation is in a good pace with the clockwise change
in direction of Paciﬁc plate movement during the same per-
iod. It therefore seems that the destruction of the eastern
NCC took place under a back-arc extensional setting (Xu,
2007; Sun et al., 2007; Zhu et al., 2011), with the extensional
pattern being largely controlled by the movement of the
Paciﬁc subduction.
The NCC is relatively small in size compared to other
cratons. It experienced multiple subductions from diﬀerent
directions, i.e., northward subduction of the Tethys ocean
along the Dabie Shan and Song Ma sutures, the south-dip-
ping subduction along the Solonker (Permo-Triassic age)
and Mongol-Okhotsk suture (Jurassic age), and westward
subduction of Paciﬁc plate. Large amount of water is sup-
posed to be released from subducting slabs to the upper
mantle under eastern NCC (Windley et al., 2010). This idea
is supported by recent determination showing that water
content in the late Mesozoic lithospheric mantle under the
eastern NCC can be as high as >1000 ppm (Xia et al.,
2013). Presence of water would have considerably weak-
ened the strength of the lithosphere (Hirth and Kohlstedt,
1996; Li et al., 2008; Lee et al., 2011), facilitating its convec-
tive removal and leading to cratonic destruction. Paciﬁc
subduction underneath the eastern Asian continent appears
to have played a determinant role in the cratonic destruc-
tion, governing the distribution patterns of post-Mesozoic
basins and major tectonic conﬁguration, temporal change
of magmatism, east-west contrast in lithospheric
architecture.
6. CONCLUSIONS
(1) Compilation of data of maﬁc magmas emplaced dur-
ing 90–40 Ma in the North and Northeast China
shows a heterogeneous magma source, which consists
of at least three components. The depleted component
I and the enriched component are likely derived from
lower and upper parts of the subducted oceanic crust,
respectively. The depleted component II distinguishes
itself by its high eNd (8) and moderate 87Sr/86Sr
(0.7038) and is probably derived from a sub-
lithospheric ambient mantle. Comparison with
experimentally determined melts and trace element
modeling suggest that the ﬁrst two components are
likely in form of garnet pyroxenite/eclogite.
Integration of these data thus suggests that the studied
magmas resulted from melting of complete section of
recycled oceanic crust, with some contribution from
overlying sediments and ambient mantle.
(2) The 90–40 Ma basalts delineate a secular increase in
Eu/Eu* and a decrease in 87Sr/86Sr with time, mirror-
ing a shift in magma source from upper to lower part
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by diﬀerential melting of a heterogeneous mantle,
during which upper ROC melts earlier than lower
ROC as a result of increasing melting interval subse-
quent to lithospheric thinning. Such a petrogenetic
model suggests the late Cretaceous-early Cenozoic
as an important period of lithospheric thinning, in
support of the idea of the protracted destruction of
the lithosphere beneath the NCC.
(3) The subducted Paciﬁc slab, which currently stagnates
at the mantle transition zone underneath the eastern
Asian continental margin, is of Indian MORB type
rather than of Paciﬁc MORB. Such an isotopic aﬃn-
ity is shared by the ROC components in the 90–
40 Ma basalts, suggesting a possible link of these
ROC with the subducted Paciﬁc slab. If this interpre-
tation is valid, the inﬂuence of Paciﬁc subduction can
be traced back at least to late Cretaceous. Along with
other evidence, this makes the Paciﬁc subduction as a
potential trigger of the destruction of the NCC.
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